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Fish reproductive modes are extremely diverse, which includes variations concerning partner choice, spawning grounds and periods, and distinct schemes for parental care (Wootton, Smith, 2015) . To understand those reproductive strategies in relation to the size at maturity, reproductive period and spawning grounds is essential to management of both fisheries and aquatic ecosystems. Although the freshwater fish species of the Patos Lagoon basin are relatively well known taxonomically, with more than 200 recorded limnetic species (Malabarba, 1989; Reis et al., 2003; Bertaco et al., 2016; Fontoura et al., 2016) , information concerning reproductive aspects of these species is still needed. Although recent reviews have treated aspects of the conservation and fishery (Ceni et al., 2016) of the Patos basin, the only general overview of the reproductive biology of fish species was by Marques et al. (2007) , who estimated the size at first maturity for some dominant species.
Usually, defining the reproductive period of a fish species depends on some degree of morphological interpretation, including choosing between maturity scales of ovaries (macroscopically) or oocytes (microscopically). Although microscopic analysis provides a better understanding of the full reproductive cycle, it is clearly time-consuming and difficult to apply to entire, highly diverse fish communities. Even so, in a recent review, Schemmel et al. (2016) compared the evaluation of seasonal spawning peaks of 57 fish species across the Hawaiian Islands by using both communitycollected GSI data and scientifically (histologically) assessed information. Both approaches gave similar results, suggesting that the Gonadosomatic Index (GSI) approach could be applied in data-poor fisheries for which morphological analysis is not possible due to logistic constraints.
The problem with using GSI information is that setting a cut-off value to identify an individual as involved or not in reproductive activities is necessarily subjective. Fontoura et al. (2009) evaluated the use of GSI values to estimate the size at first maturity (L 50 ) for four fish species of the Patos basin, testing different GSI cut-off values to set an individual as involved or not in reproduction. In the present study, we will focus on the identification of fish reproductive periods, testing clear operational criteria based on female GSI values to delimit the fish reproductive periods. The proposal was evaluated using data for ten dominant fish species inhabiting the limnetic area of the lower Patos basin.
Material and Methods
Study area. The drainage basin of the Patos Lagoon covers 30% of Rio Grande do Sul State (approximately 88,000 km 2 ) (Fig. 1 ). This catchment is responsible for the formation of a massive body of water, the Patos Lagoon, the world's largest choked lagoon, with a surface area of approximately 10,000 km² (Kjerve, 1986) . In this system, the largest freshwater input comes from Guaíba Lake, with an area of approximately 468 km 2 (50 km long, 1 to 19 km wide), mean depth of 2 m and maximum depth of over 30 m. The main tributaries of Guaíba Lake are the Jacuí, Caí, Sinos and Gravataí rivers. Casamento Lake, in the northeast region of the Patos system, is an important area for artisanal fishery (Milani, Fontoura, 2007) , with a surface area of approximately 272 km 2 and 4.1 m depth (Villwock, 1978) ; the Capivari and Palmares rivers are the main tributaries. These two sites, Guaíba Lake and Casamento Lake, were sampled in the present study. Fig. 1 . Sampling locations in a. Guaíba Lake and b. Casamento Lake in Rio Grande do Sul, southern Brazil. The region has a humid climate: rainfall varies between 1,200 and 1,500 mm per year, most intense in late winter and early spring. During the 2002 sampling program, rainfall increased during a moderate El Niño phenomenon, with an Oceanic El Niño Index above 1.0 (CPC, 2017) . Summer has a mean temperature of 25°C in January; in winter the mean temperature is 14°C in July (see Fontoura et al., 2016 , for a general characterization of the area). Data analysis. Species caught in the largest numbers by the gillnets were selected for the present study. Females were measured (total length, 1 mm precision) and weighed (0.01 g precision). Ovaries were weighed (0.0001 g precision) and the Gonadosomatic Index (GSI) was calculated as follows:
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where Wg is the gonad weight (g) and Wt is the total weight (g) of the individual. Only adult females, according to the size at first maturity as estimated by Marques et al. (2007) , were included to identify the reproductive period. For each species, the annual reproductive cycle was described based on monthly female GSI distributions. To identify the cycles, three GSI cut-off values were proposed and tested in relation to the maximum GSI recorded for each species: 20% (G 20 ), 30% (G 30 ) and 40% (G 40 ). For example, if the maximum-recorded GSI value for a species is 10%, G 20 , G 30 and G 40 will be 2%, 3% and 4% respectively.
Aiming to define the reproductive cycle, three distinct periods were proposed: (1) months with recorded reproduction, when at least one female reached a GSI value equal to or greater than the G 20 , G 30 or G 40 cut-off value; (2) months with core reproduction, when at least one sample site (Guaíba or Casamento) showed a median GSI value equal to or greater than the G 20 , G 30 or G 40 cut-off value; and (3) nonreproductive months, when no female showed a GSI value equal to or greater than these cut-off values. Year seasons are considered as follow: summer (December, January and February), autumn (March, April, May), winter (June, July, August), and spring (September, October, November).
Results
Months with recorded reproduction, when at least one individual showed a GSI value equal to or greater than 20% (G 20 ), 30% (G 30 ) or 40% (G 40 ) of the maximum recorded GSI for each species, are presented in Tab. 1. The core reproductive months, when at least one sample (Guaíba or Casamento) showed a female median GSI equal to or greater than 20% (G 20 ), 30% (G 30 ) or 40% (G 40 ) of the maximum recorded GSI for each species are presented in Tab. 2. By inspecting both tables, we can divide the species into two large groups. The first group includes species that stop reproducing in some cooler (winter) months. This group was termed "warmingwater reproduction" because inspection of the monthly GSI values (Figs. 2, 4, 7-11) revealed a pattern of increasing GSI medians from spring to summer. The second group, termed "cooling-water reproduction", includes species that stop reproducing in some warmer (summer) months, showing median GSI values that increase from summer/autumn to winter. Among the warming-water reproducing species, the length of the reproductive period could be relatively short (focal), restricted to 3-4 months, to very long (almost yearround). All species with cooling-water reproduction have very long reproductive periods, exceeding seven months according to all criteria. Detailed information for each species is presented as follows (grouped by order). (Cuvier, 1819) . A total of 577 females were caught, with total lengths ranging from 5.4 to 16.4 cm. The highest recorded GSI value was 19.4%. The recorded reproduction (Tab. 1; G 20 , G 30 , G 40 ) extended to all months of the year, except June (and November with no catch) and July according to the G 40 criterion. This almost continuous reproduction seems to show two reproductive cycles with increasing GSI medians (Fig. 2) , the first from February to May, and the second from September to December. Core months of reproduction (Tab. 2) are the same as the recorded reproduction for the G 20 criterion (no core reproduction in June), but shows the same two reproductive cycles (February to May and September to December) by the G 30 criterion. Following the G 40 criterion, core months of reproduction are restricted to December, February and March.
Characiformes. Astyanax fasciatus
Cyphocharax voga (Hensel, 1870) . A total of 596 females were caught, with lengths ranging from 7.5 to 25.9 cm. The highest GSI value was 31.5%. The recorded reproduction (Tab. 1; G 20 , G 30 , G 40 ) extended to all months of the year, except November, and October according to the G 30 and G 40 criteria respectively. The median GSI values ( (Bloch, 1794) . A total of 297 females were caught, with lengths ranging from 13.7 to 38.4 cm. The highest GSI value was 11.9%. Recorded reproduction (Tab. 1) ranged from November to February for all cut-off criteria. Core reproductive months are restricted to December and February for the G 30 and G 40 criteria, and begin earlier, in November, by the G 20 cut-off value. Inspecting the seasonal variation of GSI values (Fig. 4) shows that the two different core periods (December and February) occurred at different sites and in different sampling years, indicating not a two-step reproductive cycle, but rather reproductive plasticity in relation to time and/or site.
Oligosarcus jenynsii (Günther, 1864) . A total of 845 females were caught, with lengths ranging from 8.2 to 26.5 cm. The highest GSI value was 27.3%. The recorded reproduction according to G 20 criteria (Tab. 1) extended to most months of the year, except January, October and December, the last two with no catch. By the G 30 and G 40 cut-off values, there was also no reproduction in February (G 30 and G 40 ) and in November (G 40 ). This long reproductive period shows a cycle of increasing GSI values from February to August (Fig. 5) , indicating that the species is a typical cooling-water reproducer. The core months of reproduction (Tab. 2) extend from March to September using the G 20 or G 30 criteria, but end one month earlier, in August, using the G 40 cut-off value.
Oligosarcus robustus Menezes, 1969 . A total of 225 females were caught, with total lengths ranging from 7.5 to 33.6 cm. The highest GSI value was 24.2%. The recorded reproduction according to G 20 criteria (Tab. 1) comprised almost all months of the year except November, for all cut-off criteria; October-November using G 30 ; or October-December using the G 40 cut-off value. As for O. jenynsii, a long reproductive period was observed (coolingwater reproduction), with increasing median GSI values from January to August (Fig. 6 ). Core months of reproduction (Tab. 2) extend from January to September, using the G 20 ; and from February to September, using the G 30 or G 40 cut-off values (except March for G 40 ).
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Siluriformes. Hoplosternum littorale (Hancock, 1828) . A total of 321 females were caught, with total lengths from 11.6 to 22 cm. The highest GSI value was 17.1%. The recorded reproduction according to all criteria (Tab. 1) showed the same length, from October to January. This welldefined spring-summer reproduction starts with a rapid GSI increase from September to November, although with only one reproducing female caught in October (Fig. 7) . Core months of reproduction (Tab. 2) extend from November to January, using the G 20 or G 30 criteria; but end earlier, in December, using the G 40 cut-off value.
Loricariichthys anus (Valenciennes, 1835). A total of 504 females were caught, with lengths ranging from 11.7 to 41 cm. The highest GSI value was 12%. The species is a focal reproducer, with recorded reproduction from November to January, according to the G 30 or G 40 criteria, and extending to February if using the G 20 criterion. As for H. littorale, reproduction starts with a rapid mean GSI increase from September to November, although with only one individual caught in October (Fig. 8) . Core months of reproduction (Tab. 2) extend from November to January using the G 20 criterion, but are restricted to December-January using the G 30 cut-off value, or only January by the G 40 criterion.
Parapimelodus nigribarbis (Boulenger, 1889) . A total of 480 females were caught, with lengths ranging from 7.8 to 22.5 cm. The highest GSI value was 11%. The species shows a long warming-water reproductive cycle, with recorded reproduction from August to February according to the G 20 criterion; and starting one month later, in September, using the G 30 or G 40 criteria (with no reproduction recorded in January for G 40 ). As for other warming-water reproducers, a rapid GSI increase was observed, with an almost explosive rise from August to September (Fig. 9) . Core months of reproduction (Tab. 2) extend from September to December using the G 20 criterion, are restricted to September, under the G 30 cut-off; and with no core reproductive month under the G 40 cut-off value. These low median GSIs during the reproductive period suggest that the species shows reproductive migration, with mature individuals moving outside the sampled areas to spawn. (Fig. 10) showed an almost perfect sinusoidal variation.
Fig. 10. Monthly variation of
Trachelyopterus lucenai GSI values (adult females only) in Guaíba Lake (white) and Casamento Lake (dark gray), Rio Grande do Sul, Brazil (median, 25-75% quartiles and lower-upper GSI limits by month and site). Three GSI cut-off values were tested with respect to the maximum GSI recorded for each species, for delimitation of reproductive months: 20% (G 20 ), 30% (G 30 ) and 40% (G 40 ). Steindachner, 1879 . A total of 318 females were caught, with lengths ranging from 7.6 to 26.4 cm. The highest GSI value was 6.6%. As for T. lucenai, the species showed a smooth cycle of annual variation for GSI values, following a sinusoidal pattern (Fig. 11) . The species showed a long warming-water reproductive cycle, with reproduction from September to April according to the G 20 criterion, and stopping in March and February for the G 30 and G 40 criteria respectively. Core months of reproduction (Tab.) extend from September to February, using the G 20 criterion; from November to February applying the G 30 cut-off value; and are restricted to November-December, using G 40 . Fig. 11 . Monthly variation of Pachyurus bonariensis GSI values (adult females only) in Guaíba Lake (white) and Casamento Lake (dark gray), Rio Grande do Sul, Brazil (median, 25-75% quartiles and lower-upper GSI limits by month and site). Three GSI cut-off values were tested with respect to the maximum GSI recorded for each species, for delimitation of reproductive months: 20% (G 20 ), 30% (G 30 ) and 40% (G 40 ).
Perciformes. Pachyurus bonariensis

Discussion
Concerning the proposed protocol to identify reproductive cycles, the use of GSI and numerical threshold values presents some practical advantages for a large dataset in comparison to morphological analysis, as it is less time-consuming than a histological analysis (Schemmel et al., 2016) . However, the use of a standard protocol has some weaknesses. The first aspect concerns the use of an arbitrary GSI value as a cut-off point to discriminate animals as involved or not in reproductive activities. Although it is an objective and easily assessed criterion, the selection of a cut-off point can be a methodological trap. Three questions arise: (1) Which cut-off point for the maximum GSI (G 20 , G 30 , G 40 ) is the most appropriate? (2) Should we attempt to determine the reproductive period based on only one cut-off value, or should we use more than one? (3) How representative is the maximum recorded GSI value, as it depends largely on the sample size (n)? Fontoura et al. (2009) used GSI values to estimate size at first maturity for four fish species in the Patos Lagoon basin. As a first attempt, these authors tested values ranging from 5% to 30% of the maximum recorded GSI as cut-off marks to set any individual as reproductive or non-reproductive (see Fontoura et al., 2009 , Fig. 4) . The surprising result was that it makes no difference: estimates of size at first maturity were essentially the same for all cut-off values. Nevertheless, to identify the reproductive period at population scale is more challenging. A female with a GSI value of 5% of the maximum will show almost no change in length until the ovary is fully developed. Consequently, this cut-off value is good enough to identify a female that is beginning the maturation cycle, and the estimation of size at first maturity is not affected by the selected value of GSI as identified by Fontoura et al. (2009) .
On the other hand, the time lag for a GSI to increase from just 5% of the maximum GSI to a fully developed ovary is unknown for most species, although expected to be a few weeks to a few months. In this regard, any value chosen is compromising. If we set a low cut-off value, the estimated reproductive period will be extended. If we set it too high, we will limit the reproductive period to only one, two, or even no months. Hence, the proposed 20-40% cut-off range is merely a practical proposal, to be revised with larger data sets.
Nevertheless, observing the temporal progression of GSI values (Figs. 2-11) makes it clear that the GSI variation (as a proxy for gonadal maturation) could be an almost explosive process, from almost nothing in a month to fully developed ovaries one or two months later (Figs. 4, (7) (8) (9) (10) (11) . On the other hand, maturation could be a gradual process, taking several months for the median GSI to attain maximum values (Figs. 3, 6 ). Depending on the maturation strategy, the results from different GSI cut-off values could vary widely.
Although any binary classification based on cut-off values will always be biased at some point, some general patterns could be identified from our data set. Concerning the recorded period of reproduction, when at least one individual reached a GSI value equal to or greater than the G 20 , G 30 or G 40 cut-off values, the results were the same for all cut-off thresholds for H. malabaricus and H. littorale. In relation to the G 30 criteria, the recorded reproduction was one month longer if the G 20 cut-off value was used for P. nigribarbis, P. bonariensis, L. anus, C. voga, O. jenynsii and O. robustus Examining species with more explosive maturation such as H. malabaricus (Fig. 4) , H. littorale (Fig. 7) or L. anus (Fig.  8) shows clearly that the G 20 cut-off value is well above any threshold level, separating females that are not reproducing at all from those that are already involved in reproduction. Also, inspecting Tab. 2 reveals that only the G 20 criterion showed no interruption in the middle of the reproductive cycle (as for P. bonariensis), suggesting that this level is more stable for small samples. On the other hand, as a species' reproductive period could change from site to site or year to year, as did that of H. malabaricus in the present study (Fig. 4) , it is better to be conservative when setting the overall reproductive period of a species.
On the other hand, if the objective is to set a core reproductive period, as to establish a closed fishing season, we should also look for stable results, with no break due to small sample sizes (such as the G 40 criterion for O. robustus), but able to assign the months when a significant proportion of the females have well-developed ovaries. The G 30 criterion appears, then, as a well-balanced proposal, neither excessively extending nor restricting the proposed core reproductive period of a species.
Following these considerations, we pass to the third point. How representative is the maximum GSI value recorded for a species? Of course, the value obtained depends strongly on the sample size. Larger samples increase the probability of capturing a female just before egg laying, increasing the reference point for cut-off values. Therefore, 20% or 30% of some value depends on the sample size and is clearly a moving target. How can we trust it?
As could be observed by the different cut-off values, the results are not much different and sometimes are even equal if any cut-off criterion is used, showing possible fluctuations at the edges, especially for small samples. Especially, species with short reproductive periods and explosive maturation will provide more stable results, less sensitive to the maximum GSI reference or cut-off criterion. On the other hand, species with long reproductive periods and slower ovary development will be more sensitive to both the maximum reference GSI and the selected cut-off value. For these species, GSI estimates of the reproductive period should be considered merely a first approximation until morphological analyses can be completed.
Of course, blind tests would be useful to validate the GSI method and especially the cut-off thresholds, based on the same large sample and defining the reproductive period with both GSI and morphological methods. Although such reviews are not available, we can compare our estimates with the available literature (Tab. 3), excluding estimates from distant hydrographic basins (e.g., Nomura, 1975; Barbieri, 1989; Araújo-Lima, Bittencourt, 2001; Mesones et al., 1998; Sá-Oliveira, Chellappa, 2002; Flores, Hirt, 2002; Lagemann, Fialho, 2014) . Although these authors all worked with the same nominal species as in the present study, the geographical distances imply not only very different environmental pressures on each species, but also the possibility of different evolutionary units within the same taxon designation.
Available data for the Patos/Guaíba system or the nearby coastal lagoons of Rio Grande do Sul provide very similar or very divergent information (Tab. 3; Hartz, Barbieri, 1994; Fialho et al., 1998; Schifino et al., 1998; Becker, 2001; Nunes et al., 2004; Maia et al., 2013) . One example is C. voga. For this species, published information on the reproductive season varies from a long warm season, excluding winter (September to April; Hartz, Barbieri, 1994) to a winterspring estimate . Our data differ from both, estimating a long reproductive period beginning in late summer and ending in early spring. Nevertheless, analyzing the original data from both publications indicates that discrepant results seem to be due to species plasticity in relation to the sampling site and environmental variability, not to the method of analysis.
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On the other hand, considering the results for most of the species, the published reproductive periods derived from morphological interpretation are usually shorter, but with marked overlap with the estimated months with reproduction (using the G 20 cut-off), or the core reproductive months (using the G 30 cut-off). So, a new question arises: is a longer estimate of the reproductive period a problem? This depends on the objective. According to our proposal, if a month is set as reproductive, at least one female was caught that was already maturing for reproduction, or that had spawned recently. The problem is not about whether reproduction alone, but how much reproduction is occurring. The proposed criterion for the core reproductive period (G 30 cut-off value) identifies a period when at least 50% of the females (50% above median) are showing relatively high values of GSI (30% of the maximum), i.e., close to spawning or that had just spawned. This seems very reasonable, although still artificial. However, considering a win-or-lose balance, the proposal of a well-delimited threshold makes comparisons over space and time much more objective, as it does not depend on the subjective interpretation of maturity scales. Defining the limits of a reproductive cycle could be based on a mathematical consensus, analogous to L 50 for size at first maturity, and is a good starting point for standardization.
